critical to the survival of the animal, as misregulation of programmed cell death has been associated with a wide range of human diseases (Thompson, 1995; Rudin and Thompson, 1997).
sion in Staged Salivary Glands prepupae and pupae, and the expression of diap2 was determined Total RNA was isolated from 12 pairs of salivary glands dissected by Northern blot hybridization. rp49 mRNA was used as a control from staged Canton-S third instar larvae, prepupae, or pupae, and for loading and transfer. analyzed by Northern blot hybridization. Probes were used to detect (B) Both w 1118 (lane 3) or w
1118
, P[hs-E75A] (lane 4) 7.5 hr prepupae ␤FTZ-F1, BR-C, E74A, E75A, E75B, diap2, rpr, and hid mRNAs. The were incubated at 37ЊC for 30 min and allowed to recover at 25ЊC timing of the late larval and prepupal ecdysone peaks is shown at for 2 hr. RNA was extracted from the salivary glands and analyzed the top (Riddiford, 1993) . diap1 mRNA cannot be detected in salivary by Northern blot hybridization. As a control, RNA was also isolated glands at these stages of development (data not shown), and EcR from the salivary glands of 10 hr w 1118 (lane 1) and w E75A or E75B in late prepupal salivary glands, when To test this possibility, we examined diap2 transcription diap2 is maximally transcribed. Control, P[hs-E75A], and in the salivary glands of FTZ-F1 17 mutant prepupae. FTZ-P[hs-E75B] 7.5 hr prepupae were maintained at either F1 17 is a hypomorphic ␤FTZ-F1 allele that leads to severe 25ЊC or 37ЊC for 30 min and allowed to recover for 2 hr defects in both genetic and biological responses to the at room temperature. Salivary glands were dissected prepupal pulse of ecdysone (Broadus et al., 1999) . Salifrom these approximately 10 hr prepupae, and the level vary glands were dissected from staged FTZ-F1 17 /ϩ of diap2 transcription was determined by Northern blot controls and FTZ-F1 17 /Df(3L)Cat DH104 mutant prepupae, hybridization. As expected, high levels of diap2 mRNA and diap2 transcription was examined by Northern blot can be detected in salivary glands that had not been hybridization. The levels of diap2 mRNA are significantly subjected to heat treatment ( Figures 2B and 2C , lanes reduced in ␤FTZ-F1 mutant salivary glands, indicating 1 and 2). Heat treatment slightly reduced diap2 expresthat diap2 expression is dependent on ␤FTZ-F1 function sion in the salivary glands of control prepupae, most (Figure 2A is synchronous with the prepupal ecdysone pulse, suggesting that it may be induced as a primary response to the hormone, while the delay in hid induction suggests
The BR-C Is Required for Both rpr and hid Induction The BR-C is defined by three genetic functions: broad that it may be a secondary response to ecdysone (Figure 1) .
(br), reduced bristles on palpus (rbp), and l (1) (Figshown) . The high penetrance of this mutant phenotype suggests that rpr and hid may not be properly expressed ure 3). Both rpr and hid are induced within 2 hr of hormone treatment, consistent with the proposal that these in rbp 5 mutant salivary glands. To test this hypothesis, salivary glands were dissected genes are induced by ecdysone in late prepupal salivary glands. In the presence of the protein synthesis inhibitor from staged rbp 5 mutants, and rpr and hid expression was examined by Northern blot hybridization. Both rpr cycloheximide, rpr transcription is both delayed and reduced, while hid expression is completely eliminated and hid transcription is significantly reduced in rbp 5 mutant salivary glands, indicating that the failure of salivary (Figure 3 ). These observations indicate that rpr is induced directly by the hormone-receptor complex, algland cell death in this mutant can be attributed to its inability to express these death activators ( Figure 4A ). though maximal levels of rpr transcription also require the synthesis of ecdysone-induced proteins. In contrast, Both ␤FTZ-F1 and the ecdysone-inducible E93 early gene are expressed in rbp 5 mutant salivary glands, indihid is induced solely as a secondary response to ecdysone. These observations are consistent with the timing cating that the block in rpr and hid transcription is not simply due to developmental arrest of the mutant aniof rpr and hid induction in staged salivary glands ( Figure  1 ) and provide a framework for defining the molecular mals (data not shown). It should be noted that the BR-C is expressed in midprepupal salivary glands and thus mechanisms by which ecdysone regulates rpr and hid transcription, triggering salivary gland cell death.
would be present in the late prepupal glands used for Df(3L)stsynchrony with that of the endogenous rpr gene, indicating that this region contains the sequences required for 81k19 animals have salivary glands at 24 hr after puparium formation (n ϭ 30; data not shown). This partially proper temporal regulation. penetrant cell death defect suggests that rpr and hid expression may be reduced in E74A mutant salivary
The Ecdysone Receptor Directly Regulates rpr Transcription glands.
To test this hypothesis, salivary glands were dissected A mobility shift competition assay was used to identify EcR/USP binding sites within the 1.3 kb rpr promoter from staged E74
/Df(3L)st-81k19 mutants, and rpr and hid expression was examined by Northern blot hyfragment. An oligonucleotide containing the strong EcR/ USP binding site from the hsp27 gene, the hsp27 EcRE, bridization. Although rpr transcription is unaffected by the E74 P[neo] mutation, the levels of hid transcription are was used as a probe for this assay (Riddihough and Pelham, 1987) . The hsp27 EcRE can be effectively bound significantly reduced ( Figure 4B ). This observation indicates that E74A is required for the maximal induction by the EcR/USP heterodimer in a mobility shift assay ( Figure 6B , lanes 4-6). DNA fragments from the 1.3 kb of hid but not rpr.
rpr promoter region were generated by PCR and tested for their ability to compete with labeled hsp27 EcRE for A 1. specific signaling pathways and the induction of apoptosis represents a major challenge in understanding the regulation of cell death. In this study, we define a ( Figure 6A) . Moreover, an oligonucleotide carrying this steroid-triggered genetic cascade that directs the prosequence can be bound by the EcR/USP heterodimer grammed cell death of the larval salivary glands during in vitro (data not shown). Addition of a 10-fold molar Drosophila metamorphosis. The ecdysone-regulated excess of unlabeled rpr EcRE resulted in an approxitranscription factors encoded by ␤FTZ-F1, BR-C, E74, mately 40% decrease in the ability of EcR/USP to bind and E75 function together to direct a burst of the diap2 to the hsp27 EcRE, indicating that the rpr element is death inhibitor followed by induction of the rpr and hid not as strong of a binding site as the canonical hsp27 death activators. We propose that cooperation between element ( Figure 6B, lane 7) . This observation is consisrpr and hid allows them to overcome the inhibitory effect tent with the deviations from the consensus at positions of diap2, precisely coordinating when the salivary glands ϩ2 and ϩ3 in the rpr EcRE ( Figure 6A ). An oligonucleoare destroyed. We also provide evidence that the ecdytide was synthesized in which four highly conserved sone-receptor complex directly induces rpr transcripnucleotides in the rpr EcRE were altered, at positions tion through an essential response element in the pro-Ϫ3, Ϫ2, Ϫ1, and ϩ1 ( Figure 6A) . A 10-fold molar excess moter, providing a direct link between the steroid signal of this mutated EcRE had no effect on formation of and a programmed cell death response. EcR/USP/hsp27 EcRE complex, indicating that these conserved nucleotides are required for binding of the ␤FTZ-F1 and E75 Define a Window of diap2 rpr EcRE by the EcR/USP heterodimer ( Figure 6B, lane 9) .
Expression that Precedes Salivary Site-directed mutagenesis was used to replace the Gland Cell Death EcRE within the 1.3 kb rpr promoter with the mutated The diap2 death inhibitor is expressed briefly in the rpr EcRE sequence shown in Figure 6A . The mutant rpr salivary glands of late prepupae, foreshadowing the impromoter fragment was then fused with a lacZ reporter minent destruction of this tissue. This transient expression is directed by at least three ecdysone-regulated gene and introduced into the genome by P element-an activator to a repressor and thereby defining the duration of diap2 expression.
Although diap2 mutants have not yet been characterized, the timing of diap2 expression immediately before rpr and hid induction in doomed salivary glands supports the model that diap2 functions as an inhibitor of cell death in this tissue. This is consistent with the 2-3 hr delay in the first signs of salivary gland cell death relative to rpr and hid induction-a delay that is not seen in larval midguts where diap1 and diap2 are not expressed (Jiang et al., 1997; C. J., unpublished data) . In addition, ectopic expression of diap2 can effectively block rpr or hid-triggered apoptosis in adult eyes, supporting its role as a death inhibitor (Hay et al., 1995) . We propose that diap2 functions in the salivary glands as a checkpoint to ensure that these cells will only die in response to the strong apoptotic stimuli provided by 
Three lines of evidence indicate that rpr transcription is induced directly by the EcR/USP ecdysone receptor. transcription factors-␤FTZ-F1, E75A, and E75B (Figure First, rpr mRNA is first detected in staged salivary glands 8). diap2 induction is dependent on the ␤FTZ-F1 orphan
immediately after the prepupal pulse of ecdysone (Fignuclear receptor (Figure 2A ). This is consistent with the ure 1). Second, rpr transcription can be induced by ecdytiming of ␤FTZ-F1 expression, which immediately presone in the absence of protein synthesis, defining it as cedes that of diap2 (Figure 1 Given the dramatic effect of the BR-C rbp 5 mutation the death program until after the next ecdysone pulse, approximately 10-12 hr after puparium formation. Interon rpr expression, we attempted to determine whether the BR-C might directly regulate rpr transcription. We estingly, EcR/USP, BR-C, and E74A are all present in the salivary glands of newly formed prepupae, yet rpr found that the 1.3 kb rpr promoter is not induced in rbp 5 mutant salivary glands, indicating that the BR-C exerts and hid are not induced at this time (Figure 1) . Clearly, there must be other critical regulators of rpr and hid its regulatory effects through these cis-acting sequences (data not shown). Several strong Z1 binding transcription that determine the stage specificity of this response in the salivary glands. We are using two apsites were identified in the 1.3 kb rpr promoter fragment by DNase I footprinting. Mutating all of these sites, howproaches to understand this level of control. First, we are studying the regulation of larval midgut cell death ever, had no effect on the ability of the 1.3 kb fragment to direct lacZ induction in the salivary glands of late in an effort to compare and contrast this response with that seen in the salivary glands approximately 12 hr later. prepupae (data not shown). Based on this result, we conclude that the BR-C indirectly regulates rpr expresSecond, we are searching for factors that are induced by ecdysone in a stage-specific manner in the salivary sion through one or more transcription factors that are dependent on the rbp ϩ function (Figure 8 ). It will be glands, in response to the prepupal pulse of ecdysone that triggers cell death. One of these factors is encoded interesting to determine if hid transcription is also indirectly regulated by the BR-C and whether any common by the E93 early gene (Baehrecke and Thummel, 1995). E93 is induced directly by ecdysone in late prepupal features between the rpr and hid regulatory elements indicate what factor(s) might be mediating this control. salivary glands but shows no response to the same signal several hours earlier, in newly formed prepupae. Although E74A mutants also display defects in salivary gland cell death, this phenotype is not as penetrant Both loss-of-function and gain-of-function genetic studies indicate that E93 is an essential regulator of salivary as the rbp 5 mutant phenotype. Only approximately 20% of the larval salivary glands in E74A mutant pupae pergland cell death, defining this gene as a critical factor that contributes to the stage specificity of this response sist until 24 hr after puparium formation. Consistent with this partially penetrant cell death defect, the levels of hid (C.-Y. Lee and E. H. Baehrecke, personal communication). An effort is also underway to identify other factors transcription are significantly reduced in E74A mutant salivary glands, while rpr transcription remains unafthat function like E93 to determine the appropriate timing of salivary gland cell death. Finally, the rpr and hid fected ( Figure 4B ). This observation implicates E74A as a critical inducer of hid transcription (Figure 8) mutagenesis: 5Ј-GACACCAGAACAAGGCCCACGAACTCGAAA-3Ј and Late third instar larvae were staged by growing them on food supple-5Ј-TTTTCGAGTTCGTGGGCCTTGTTCTGGTGT-3Ј. The sequence of mented with 0.1% bromophenol blue, as described (Andres and the mutant 317 bp fragment was confirmed by fluorescent-tagged Thummel, 1994). Blue gut mid-third instar larvae are referred as DNA sequencing (ABI). The mutant 317 bp fragment was then used Ϫ18 hr relative to puparium formation, partially clear gut late third to replace the wild-type fragment in the 1.3 kb rpr promoter region. instar larvae are referred to as Ϫ8 hr, and clear gut late third instar This mutant promoter fragment was then inserted into pCasperlarvae are referred to as Ϫ4 hr. Prepupae and pupae are staged in AUG-lacZ as described above, and germline transformants were hours relative to puparium formation. generated.
Northern Blot Hybridization
Ectopic Expression of E75A and E75B Total RNA isolated from dissected or cultured salivary glands was The P[hs-E75A] construct was generated by inserted the E75A codfractionated by formaldehyde gel electrophoresis and transferred ing region into the BamHI site of the pABAL P element vector (Zeng to nylon membranes as described (Andres et al., 1993). The blot was et al., 1993). The P[hs-E75B] construct was generated by inserting sequentially hybridized with each radioactive probe and stripped for the E75B coding region between the EcoRI and BamHI sites of rehybridization. ␤FTZ-F1, BR-C, E74A, E75A, and E75B probes were pABAL. These constructs were introduced into w 1118 flies by P eleprepared as described in Andres et al. (1993) . rpr, hid, and diap2 ment-mediated germline transformation (Rubin and Spradling, probes were prepared as described in Jiang et al. (1997) . 1982). To ectopically express E75A and E75B, control w 1118 animals, P[hsIn Vitro Culture of Larval Salivary Glands E75A] and P[hs-E75B] transformants were synchronized at puparCanton-S animals were synchronized at puparium formation and ium formation and allowed to develop at 25ЊC for 7.5 hr. They were allowed to develop at 25ЊC for 10 hr. They were dissected in Schneithen incubated in a 37ЊC water bath for 30 min and allowed to der's Drosophila medium (GIBCO-BRL) and cultured in this medium recover at 25ЊC for 2 hr, after which their salivary glands were discontaining either 5 ϫ 10 Ϫ6 M 20-hydroxyecdysone (Sigma) or both sected. For the non-heat-treated controls, animals were staged at 5 ϫ 10 Ϫ6 M 20-hydroxyecdysone and 7.5 ϫ 10 Ϫ5 M cycloheximide puparium formation and allowed to develop at 25ЊC for 10 hr before (Sigma) for 0, 2, or 4 hr as described (Woodard et al., 1994) . RNA salivary glands were dissected. RNA was then extracted from the was extracted from the cultured salivary glands and analyzed by salivary glands and analyzed by Northern blot hybridization. Northern blot hybridization.
Deletion Analysis of the rpr Promoter
Acknowledgments DNA fragments from the rpr promoter were derived from an 11 kb EcoRI genomic fragment in pNR11, described by Nordstrom et al.
We 
